a While infrared upconversion imaging using halide nanoparticles is very common, the search for very efficient halide free upconverting phosphors is still lacking. In this article we report Gd 2 O 2 S:Yb/Er, YbHo, YbTm systems as very efficient alternative phosphors that show upconversion efficiency comparable to or even higher than those of existing halide phosphors. While the majority of rare earth dopants provide the necessary features for optical imaging, the paramagnetic Gd ion also contributes to the magnetic imaging, thereby resulting in a system with bimodal imaging features. Results from imaging of the nanoparticles together with aggregates of cultured cells have suggested that imaging of the particles in living animals may be possible. In vitro tests revealed no significant toxicity because no cell death was observed when the nanoparticles were in the presence of growing cells in culture.
Introduction
With the tremendous developments in nanotechnology in recent years, uorescence bioimaging has become an extremely demanding area in biophotonics. In all light based imaging and therapy, light is delivered to the target either directly or indirectly through carriers which are biocompatible drugs. In the case of direct light based imaging and therapy with high energy photons from X-rays, gamma rays, etc. there are many harmful effects. However, the indirect method based on infrared (IR) light offers several advantages such as low energy IR excitation, high penetration depth, local delivery, and low tissue damage. One of the most common imaging technologies widely used now is based on organic uorophores and quantum dots (QDs). Short-lived radioactive isotope labeling is also used in research, in human diagnostics and treatment. However, there are signicant shortcomings with these current imaging agents: viz. photobleaching and luminescence blinking in organic dyes and quantum dots, toxicity in quantum dots and radioactive materials, autouorescence with UV exciting dyes and quantum dots, low information density, and overall the high technology cost.
Essentially, all of these limitations can be eliminated with IR based trivalent rare earth (RE) ion-doped upconversion phosphor (UCP) 1 technology. Advantages of UCPs are: (1) high signal to noise ratio: because of the biological transparent window in the 800-1200 nm region, tissues do not show uorescence, thereby making the upconversion technology an excellent tool for background-free images with high signal to noise ratio, (2) high penetration depth: because of the higher penetration depth of near-IR radiation to tissues, in vivo imaging is possible, (3) high resolution and information density: the sharp level continuously tunable emission spectral features enable high information density and resolution as low as 10 nm, (4) low toxicity-compared to QDs: many of the UCPs are less toxic as revealed from their toxicity studies. The LD 50 for RE oxides is on the order of 1000 mg kg À1 , while the LD 50 values for many selenium oxide QDs are on the order of 1 mg kg À1 , 2 (5) dual mode imaging: since many RE doped phosphors [3] [4] [5] shows downconversion under NIR excitation, NIR to IR imaging is also possible, (6) low cost technology: in UCPs since the color tunability is achieved by the dopant compositions size tunability is not needed as in QDs which makes this technology cheaper, and (7) UCPs can also be imaged in scanning electron microscopy (SEM) due to their cathodoluminescence so that it is possible to do both 2-and 3-photon imaging of nanophosphors in organisms and do ultra-high spatial resolution imaging using SEM. 6 The other advantage is the extremely low power excitation needed for the upconversion processes in RE doped phosphors. For example, recently we invented a phosphor where the green upconversion could be seen by the naked eye even with 15 mW excitation. 7 In UCPs the excitation intensities needed are 10 7 times less than the intensities needed for 2-photon excitation of typical organic dyes and are easily achievable using very low cost IR CW diode lasers. Another obvious advantage of UCPs is their photostability under external conditions. Unlike organic uo-rophores, UCPs do not photobleach and their emission intensities remain stable for years making them favorable for long term use. Recently, there has been much interest in both academia and industry on the IR activated upconversion phosphor technology (UPT) for several biophotonics applications such as advanced imaging, therapy and drug delivery. [8] [9] [10] Though this technology has already been proposed for several biophotonics applications, it is still immature mainly due to the lack of a proper phosphor that satises several requirements, viz. high efficiency, non-toxicity, small size, low cost of production, biocompatibility with several functional groups, etc.
Optical imaging allows very sensitive localization of a very small number of cells, even single cells, and allows clear visualization of the cells in relation to their surrounding tissues. In particular, because cells are able to internalize UCPs, in vivo tracking would even be possible. On the other hand, non-optical imaging, such as magnetic resonance imaging, 11 can be used to a depth of tissue that is not currently possible with optical imaging. It too can be used down to the single cell level. Therefore, the ideal type of phosphor is one that can be used for both forms of imaging in the same experiment. Recently, Eu and Yb,Er doped GdVO 4 luminomagnetic nanoparticles were studied as candidates for biomedical imaging under UV excitation. 12, 13 Rare earth doped NaGdF 4 has been suggested as a potential bimodal imaging phosphor by several researchers.
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Zhang et al. 22 proposed the idea of Fe 3 O 4 /SiO 2 /a-NaYF:Yb,Er mesoporous core-shell nanorattles as a possible material. However the inherent toxicity of vanadium 23 and all halide based nanoparticles make this an unsafe material for long term biological use.
This paper discusses the studies of the use of IR activated Gd 2 O 2 S:Yb/Er, YbHo, YbTm upconversion phosphors in bimodal imaging by utilizing the magnetic as well as the optical properties of the phosphor. The bimodal imaging features of the phosphor are achieved by the upconversion properties of the rare earth dopants as well as the magnetic properties of the Gd ion thus making this phosphor a bimodal luminomagnetic phosphor. To the best of our knowledge, this is the rst study reporting the use of rare earth doped Gd 2 O 2 S upconversion phosphors for in vitro infrared bioimaging. In vitro studies were performed using mouse neural progenitor cells and the MDA-MB-231 human breast cancer cell line. min. When the furnace was cooled down the samples were taken out and washed with distilled water 6 times and nally with mild hydrochloric acid. The washed powder was subsequently dried and sieved.
Characterization
X-ray powder diffraction was performed at 40 kV and 30 mA in the parallel beam method using a RIGAKU Altima IV X-ray diffractometer with Cu Ka radiation. The morphology and particle size distribution of the samples were observed using a Hitachi S5500 eld emission scanning transmission electron microscope (FE-STEM) operated at 30 kV in secondary electron mode. Elemental compositions were estimated using the energy dispersive X-ray analysis (EDAX) equipped with the FE-STEM. The UV-VIS-NIR absorption spectra of the powder samples were measured with a spectrophotometer (Cary, Model 14R). The upconversion spectra were recorded by a 1.25 m (SPEX) spectrometer using a TiS laser (Spectra Physics, 3900S) as the excitation source. For comparison all samples were equally weighed and packed in a sample holder and excited with a power density of $0.5 W cm
À2
. Quantum efficiencies of the green emission bands were measured by using a 15 cm diameter integrating sphere (Oriel 20451) coupled with a uorescence spectrometer (Photon Technology International, NJ). For emission lifetime studies, the 980 nm output of a pulsed (5 ns) Nd:YAG pumped MOPO SL optical parametric oscillator (Spectra-Physics, Mountain View, CA) was employed as the pump source and a 0.5 m spectrometer (Acton Research spectrometer) equipped with a 500 nm grating and a PMT detector (Hamamatsu PMT model -R5108) were used to collect the signal. The decay transients were averaged and recorded using a TDS 220 digital oscilloscope (Tektronix, Beaverton, OR) with 50 Ohm impedance. Magnetic properties were measured using a superconducting quantum interference device (SQUID) in the Magnet and Low Temperature Facility, MRC, at Northwestern University. The hysteresis loop of magnetization at room temperature with the magnetic eld sweeping from À5 to 5 Tesla was recorded. The sample used for the measurement was 50 mg.
Animal experiments
Penetration depth experiments were conducted at the biophotonics lab of UTSA using pork muscle tissue. A 980 nm pen laser of maximum 100 mW (excitation power density $0.17 W cm À2 ) was used for all experiments. Emission spectra were collected with an Ocean optics (USB 4000) ber optics spectrometer and the images were photographed with a digital camera. The 800 nm emission from Gd 2 O 2 S:Yb/Tm was imaged with a Leica microscope (Nikon SMZ-U) equipped with a NIR CCD camera (Hamamatzu C3077-79) and the images were collected and processed with HC image soware.
Cell culture studies
To understand the nontoxicity and biocompatibility, cytotoxicity tests were conducted using three cell lines: mouse neural progenitor cells (NPCs), MDA-MB-231 and the human neuroblastoma SK-N-SH. 24 NPCs were derived from mouse cells using the stromal cell derived factor method. 25 NPCs were grown in N2 medium.
26 SK-N-SH cell lines were maintained in DMEM with 10% fetal calf serum (FCS). Cells were maintained in an incubator at a temperature of 37 C regulated with 5% CO 2 , 95% air and saturated humidity. Cytotoxicity testing at high concentrations of UCPs (Gd 2 O 2 S:Yb/Er, Gd 2 O 2 S:YbHo, and NaYF 4 :Yb/Er) was performed as follows. UCPs were suspended in medium and incubated with cells at 100 mg ml À1 and 1000 mg ml Next day the medium was removed, and phosphors suspended in DMEM-10% FCS at different concentrations: 50 mg ml À1 , 100
mg ml À1 and 200 mg ml À1 , were added in triplicate wells of the SK-N-SH cells in the plate. Control wells had only medium without phosphor particles. Aer incubation for 48 hours, the medium from all wells was removed and replaced with 10 ml MTT dissolved in PBS (concentration 5 mg ml
À1
) + 100 ml medium, and the plate incubated for 4 hours at 37 C. The blue formazan product formed was dissolved by the addition of equal volumes of 10% SDS:0.01 N HCl solution per well overnight with gentle rocking. Optical density was measured using an ELISA plate reader at wavelength 570 nm. Statistical analysis was done using a one-way ANOVA, followed by Dunnett's multiple comparisons test. The level of signicance was set at p>0.05. All statistical analyses were done using the Instat soware.
Imaging of cell aggregates with UCPs: MDA-Mb-231 cells were incubated with UCPs (Gd 2 O 2 S:Yb/Er, Gd 2 O 2 S:YbHo, and NaY-F 4 :Yb/Er) in medium containing UCP at 200, 200, and 60 mg ml À1 , respectively, for 24 hours. Trypsinized cells together with UCPs were then incubated in medium in dishes coated with Pluronic F68 which prevents cell attachment. 27 Aer 24 hours, aggregates of cells and UCPs had formed and were used for subsequent imaging. For imaging, aggregates were placed in a glass capillary in medium and photographed under illumination with a 980 nm 40 mW diode laser. Photographs were obtained using a digital camera.
All animal and cell experiments were performed following the standard protocols with permission obtained from the relevant national or local authorities.
Magnetic resonance experiments
Experiments were performed on a 7T Pharmscan MR scanner (Bruker, Billerica, MA, USA). A quadrature volume coil (61 mm in diameter) was used for both RF transmission and reception. Diluted Gd 2 O 2 S:Yb/Er (0.0038, 0.0076, 0.015, 0.03, 0.038 mg ml À1 ) in deionized water was placed in 5 ml tubes for imaging.
T 1 -weighted images were obtained with a FALSH sequence. Imaging parameters were as follows: eld-of-view (FOV) ¼ 5 Â 5 cm, matrix size ¼ 128 Â 128, slice thickness ¼ 1.5 mm, repetition time (TR) ¼ 400 ms, echo time (TE) ¼ 4 ms. Relaxivity (T 1 value) was measured using a RAREVTR sequence. Eight TRs (150, 300, 400, 500, 700, 1000, 2000, and 5000 ms) were used and TE ¼ 8.3 ms. Other parameters were identical to the T 1 -weighted imaging. The data were collected and analysed using Bruker ParaVision 5.1 soware. The MR signal intensity of the samples was ascertained by the average intensity in the dened regions of interest (ROIs). The T 1 value of each sample was calculated by tting
is the signal intensity at a particular TR, M 0 is the equilibrium signal and C is a factor to account for incomplete inversion. The determined T 1 values were plotted as R 1 (1/T 1 ) vs. concentration of Gd 2 O 2 S:Yb/Er. m1. There is one formula unit per unit cell. The structure is very closely related to the A-type rare-earth oxide structure, the difference being that one of the three oxygen sites is occupied by a sulfur atom. Atom positions in Gd 2 O 2 S using lattice vector units are AE(1/3, 2/3, u) for two metal atoms with u $ 0.28, AE(1/3, 2/3, v) for two oxygen atoms with v $ 0.63, and (0, 0, 0) for a sulfur atom. Each metal atom seems to be bonded to four oxygen atoms and three sulfur atoms to form a seven coordinated geometry with the oxygen and the metal in the same plane.
Results and discussion
A typical SEM micrograph of the sample is shown in Fig. 2 . SEM micrographs obtained from different locations show that the material mostly crystallized in hexagonal form with a mean particle size of 4 mm obtained from the size distribution shown in Fig. S1 of ESI. † Analysis of the elemental composition by EDS (Fig. S2, ESI †) shows the wt% of various elements inside the composition of Gd 2 O 2 S:Yb(2),Er(1) as Gd ¼ 42.5%, Yb ¼ 2.53%, Er ¼ 1.05% and S ¼ 7.46% which is in good agreement with the starting composition: Gd ¼ 42.2%, Yb ¼ 2.3% and Er ¼ 0.74%.
The S content in the nal composition is found to be less than the starting composition of 22.62% and is due to the excess oxidation rate of elemental sulfur during the ring process.
Spectroscopy
The room temperature UV-VIS-NIR absorption spectrum of the sample given in Fig. 3 ground state to the various excited levels as shown in the spectrum. Fig. 4 shows a 980 nm excited upconversion in G 2 O 2 S:Yb(8),Er(1). The emission spectrum in the 500-700 nm range is characterized by an intense green band followed by a weaker red band. The uorescence branching ratios of the green and red upconversion bands are 60% and 37.3%, respectively. Since the intensity of the green emission is nearly 2.4 times higher than that of the red emission, the samples glow with intense green emission. The upconversion in these samples is so intense that even with <15 mW excitation the emission can be seen with the naked eyes. Furthermore, the emission could be recorded with 700 mW of excitation power. Because of the extreme brightness of the In Fig. 5a , a photograph of the multicolor emission phosphors from various dopant compositions is shown along with the corresponding emission in a transparent suspension made with deionized water at a concentration of 1 mg/3 ml. By suitably selecting the dopant scheme as well as the compositions and the host it is possible to tune the color over a wide range as observed in the cases of other halide based upconverting phosphors. [28] [29] [30] [31] [32] [33] [34] [35] [36] Further, as shown in the ESI S3, † the emission intensity is independent of the pH of the medium over a wide range. A normalized emission spectrum of the selected phosphor compositions is shown in Fig. 5b along with the Yb 3+ absorption band in the oxysulphide phosphor. Another interesting feature of the oxysulphide phosphor is the power dependent color tuning features which are explained in more detail in our previous publications 37 [ Fig. S4 ESI †]. The upconversion process in the Yb/Er system is well understood in several materials 38, 39 and a more detailed explanation of the processes based on multiphoton absorption and energy transfer was reported in our previous publications 7, 37 (see Fig. S5 of ESI for the relevant energy levels indicating the excitation and de-excitation process, Fig. S6 of ESI for the twophoton absorption process †). The fact that the material shows intense upconversion under low power excitation shows that the efficiency of upconversion in this material is very high. Further, under high power excitation the material shows almost linear or saturation intensity which is probably due to the excitation population saturation at high excitation power.
To understand the functional dependence of the red and green emission intensity on the Yb concentrations, two sets of samples were prepared. In the rst set, the Yb:Er concentration was kept xed at 10 mol% by proportionally changing the Yb and Er concentrations. In the second set, the Yb concentration was varied from 0 to 9 mol% by keeping the Er concentration constant at 1 mol%. Based on the results of observations (Fig. S7 ESI †) , in the case of samples with constant Er concentration, both green and red emissions show that the intensity tends to increase up to a concentration of 8 mol% of Yb. However, for varying Er concentration, both red and green emissions peaked at 5 mol% of Yb and Er. Irrespective of the compositions, in all samples the green emission is much stronger than the red emission. The intensity of green emission is 2.4 times higher than that of the red emission in samples with 8 mol% of Yb and 1 mol% Er and this composition was used for further imaging experiments.
In order to quantify the green emission in Gd 2 O 2 S, we measured the quantum efficiency of the green emission in the Gd 2 O 2 S phosphor following the standard integrating sphere Fig. S10 of ESI † shows the emission intensity comparison under identical measurements conditions. Using the proposed procedure we measured the green upconversion efficiency to be 0.25% in Gd 2 O 2 S:Yb(9),Er(1) and 0.054% in NaYF 4 :Yb(20),Er(2) which shows that the present phosphor is 5 times more efficient than NaYF 4 :Yb/Er which is considered to be the brightest upconversion phosphor thus far.
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The uorescence decay times of the green and red emission bands were obtained from the time resolved emission spectroscopy measurements and the decay curves obtained for the 550 and 670 nm emission bands in Gd 2 O 2 S:Yb (8) Er (1) are shown in Fig. S12 of ESI. † The decay curve was tted with a multiexponential function:
where 43 longer decay time is a favorable factor to discriminate the noise arising from scattered light and autouorescence.
Magnetic properties
We investigated the magnetic properties of the phosphor using a superconducting quantum interference device (SQUID) magnetometer and the room temperature magnetization curve is shown in Fig. 6a . From the nature of the curve it is clear that Gd 2 O 2 S:Yb/Er exhibit magnetic properties due to the presence of the paramagnetic ion Gd 3+ that has a large number of unpaired electrons in the outer orbital. Additional zero eld cooling (ZFC)-eld cooling (FC) studies (Fig. S13 ESI †) also support this conclusion. The magnetic moment per particle has been calculated by tting the magnetization curve with the Langevin function 44 and the moment per particle was found to be 1401 m B. To evaluate the magnetic tracking features of Gd 2 O 2 S, we observed the magnetic behavior of this phosphor under a permanent magnet both in powder form and in suspension. It is seen that the powder was rapidly attracted to the magnet when a permanent magnet of eld strength $0.1 T was placed near the lid as shown in the photograph (inset of Fig. 6a) . To explore the magnetic behavior in liquid the phosphor was well dispersed in deionized water at a concentration of 30 mg in a quartz cuvette and a permanent magnet of 0.1 T was placed on one side. Photographs were taken at regular intervals starting from initial colloidal suspension (0 min) to 30 min later with a logo on the other side of the cuvette to observe the transparency as well as the magnetic feature of the particle.
Initially the suspension was fully opaque with no visibility of the logo (Fig. 6b,i) . When the magnet was placed on the other side the particles were attracted towards the other side of the cuvette where the magnet was placed. At the end of 30 min (Fig. 5b,iiivi) , it is clear that most of the particles moved towards the wall containing the magnet making the solution transparent with the background logo being completely visible. Photos taken from the other side of the cuvette clearly show the circular pattern of the phosphor deposited on the other side of the cuvette where the magnet was located (Fig. 6b,v) . Excitation with the 980 nm laser also shows brighter emission from this location whereas there is very little emission from the rest of the transparent solution (Fig. 6b,iii and iv) . These observations show that the synthesized Gd 2 O 2 S phosphor possesses magnetic tracking features to be utilized in magnetic imaging experiments.
Animal experiments
The purpose of these experiments was to explore the usefulness of the proposed material for imaging under infrared excitation. Preliminary proof of concept experiments were done by putting the Gd 2 O 2 S:Yb(8),Er(1) phosphor under pig skin of varying thicknesses ranging from 0.3 mm to 1.25 cm. Both emission spectra and images collected under different thickness are shown in Fig. 7a . Results show that as the thickness increases the green upconversion signal attenuates. In an effort to make the signal even stronger, we synthesized Gd 2 O 2 S doped with Yb and Ho and performed depth penetration experiments.
Comparison of the emission intensity of Gd 2 O 2 S:Yb/Er vs. Gd 2 O 2 S:Yb/Ho shows that the green emission intensity in the YbHo phosphor is 2 times more intense (Fig. S13 ESI †) than in Yb/Er under identical measurement conditions which makes this material even more attractive than Yb/Er phosphor in imaging. This was again veried by the imaging experiments with pig skin of different thicknesses as shown in Fig. 7b . Observation of the uorescence intensity clearly demonstrates that Gd 2 O 2 S:Yb/Ho is a better candidate for 980 nm to green upconversion imaging.
It is well known that most biological tissues have high attenuation in the UV-VIS region compared to the NIR. 45, 46 The absorption spectrum of the pig skin under investigation is shown in Fig. S14 of ESI † and according to this the attenuation is highest in the 550 nm region and lowest in the red and NIR region which makes red and NIR emissive phosphors the most favorable candidates for upconversion imaging. The penetration depth at 550 nm is less than 1 cm whereas at 650 nm it is near 40 cm and nearly 9 cm at 800 nm, making red the most favorable emission wavelength for tissue imaging. Previous observations by Wang et al. 47 show the possibility of using a KMnF 3 :Yb/Er upconversion red phosphor as a potential candidate for single color imaging. We are in the process of exploring a safer halide free phosphor for single red color imaging and based on our detailed studies done over 48 different Yb/Er compositions in Gd 2 O 2 S, Y 2 O 2 S and La 2 O 2 S, the conclusion is that the intensity ratio of green to red can be varied over a wide range by changing the metal as well as the dopant ratios. In La 2 O 2 S:Yb(3),Er(7) (Fig. 7c ) the red emission intensity is higher than green and the resulting emission color is yellow. Imaging done with a red color lter shows intense red emission with greatest color contrast and intensity (Fig. 7d) . We did some preliminary observations with Gd 2 O 2 S:Yb/Tm, a potential emitter at the 800 nm region, and the results of penetration depth experiments are summarized in Fig. 7c along with a photograph of the NIR images collected with an NIR CCD camera. Comparison of these experimental results shows that though Gd 2 O 2 S:Yb/Ho can be utilized in bimodal imaging the high attenuation of the green emission suppress image contrast. On the other hand, La 2 O 2 S:Yb/Er is a more favorable candidate for high contrast red imaging. By fractionally replacing La with Gd ion it would be possible to enable this phosphor for magnetic imaging also.
Cell culture studies
Previous experiments on the cytotoxicity of different phosphors with similar dopants were performed with maximum concentrations of 800 mg ml À1 , 48 while phosphors with different dopants were tested with maximum concentrations of 6 mg ml À1 . 12 In these studies, to ensure that any adverse reaction to the UCP would be observed, a maximum concentration of 1000 mg ml À1 was used. Even at the very high concentration of 1000 mg ml À1 , no cell death occurred (Fig. 8 ). Cells interacting with UCP were grown to conuence with no obvious cell death (Fig. 9 ). Cell viability results by the MTT assay obtained for 48 h (Fig. 10 ) of exposure to upconversion phosphors on SK-N-SH cells show 94.3% viability with a sample loading of 200 mg ml À1 .
Future applications of UCPs are widely expected to include the use of these particles in imaging of stem cells or other implanted cells in animal studies. 49 As a preliminary investigation of the suitability of these UCPs for such applications, the possibility of imaging the UCPs was examined in aggregates of a human breast cancer cell line, MDA-MB-231. Identical concentrations of Gd 2 O 2 S:Yb/Er at 200 mg ml À1 , and Gd 2 O 2 S:Yb/Ho at 200 mg ml À1 were used to interact with cells for 24 hours.
Following this, aggregates of cells and UCP were formed and used for imaging. Fig. 11 shows the aggregates of MDA-MB-231 with UCP, and uorescence results from 980 nm excitation. Control cells without UCP showed no uorescence. Samples Gd 2 O 2 S:Yb/Er and Gd 2 O 2 S:Yb/Ho were imaged with an exposure time of 20 seconds.
Magnetic resonance imaging
Because of their paramagnetic nature Gd 2 O 2 S:Yb/Er upconversion phosphors show potential as MRI contrast agents due to their positive signal-enhancement ability. Fig. 12(a) demonstrates the gray-scaled and color-mapped T 1 -weighted images of Gd 2 O 2 S:Yb/Er with different concentrations that range from 0.01-0.1 mmol in deionized water. The signal intensity increased as the concentration of Gd 2 O 2 S increased, resulting in the brighter images shown in gray scale. These concentration-dependent differences in signal intensity were more pivotal in the color-mapped images.
The relationship between T 1 À1 relaxation rate (R 1 ) and Gd 3+ ion concentration of Gd 2 O 2 S phosphor was evaluated as shown in Fig. 12(b) . It can be seen that the R 1 value of water protons was enhanced as the Gd-based concentration increased. Relaxivity measurements also showed that the Gd 2 O 2 S phosphors have a concentration-dependent proton longitudinal relaxivity (r 1 ) of 0.21 mM À1 s À1 on the 7 T scanner, suggesting the possibility of using the Gd 2 O 2 S:Yb/Er phosphor as a T 1 MRI contrast agent. 
Conclusions
The preliminary results presented here indicate the usefulness of Gd 2 O 2 S:Yb/Er as a potential candidate to replace the existing halide based upconverting phosphors for infrared based biomedical imaging. The proposed phosphor not only enables near-IR imaging features but at the same time could be used as a contrast agent in MRI imaging, thus making it an effective bimodal imaging phosphor. These UCPs showed no toxicity. The phosphor compositions being fully inorganic show very stable pH independent emission properties as conrmed by spectroscopic and cell culture imaging. Penetration depth studies indicate that red and NIR emissions preferably 650 nm and 800 nm are the best for deep cell imaging and upconversion phosphors emitting in those emission wavelengths would be ideal candidates for cell imaging. Though the preliminary studies showed the potential of the UCPs for future in vivo imaging, more detailed studies are needed on the physical properties of these phosphors in nanoparticle forms with different surface functional groups for targeted imaging applications.
